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Summary Campylobacter jejuni is one of the most common causes of human bacterial enteritis
worldwide. The molecular mechanisms of the host responses of chickens to C. jejuni colo-
nization are not well understood. We have previously found differences in C. jejuni colo-
nization at 7-days post-inoculation (pi) between two genetic broiler lines. However, within
each line, not all birds were colonized by C. jejuni (27.5% colonized in line A, and 70%
in line B). Therefore, the objective of the present experiments was to further define the
differences in host gene expression between colonized and non-colonized chickens within
each genetic line. RNA isolated from ceca of colonized and non-colonized birds within each
line was applied to a chicken 44K Agilent microarray for the pair comparison. There were
differences in the mechanisms of host resistant to C. jejuni colonization between line A and
line B. Ten times more differentially expressed genes were observed between colonized and
non-colonized chickens within line B than those within line A. Our study supports the fact
that the MAPK pathway is important in host response to C. jejuni colonization in line B, but
not in line A. The data indicate that inhibition of small GTPase-mediated signal trans-
duction could enhance the resistance of chickens to C. jejuni colonization and that the
tumour necrosis factor receptor superfamily genes play important roles in determining
C. jejuni non-colonization in broilers.
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States and other developed countries (Gu et al. 2009). The

Introduction - o . .
clinical symptoms of campylobacteriosis are variable in

As a food-borne pathogen, Campylobacter jejuni (C. jejuni) is
a major cause of human diarrhoea that causes more than
90% of all human campylobacteriosis cases in the United
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humans. The basis of this diversity in the manifestation of
campylobacteriosis is poorly understood, but it may be
caused by differences in the Campylobacter strains and/or
differences in host susceptibility. Chickens are a major
reservoir of C. jejuni, with a major source of human
campylobacteriosis being chicken meat contamination due
to improper handling (Altekruse et al. 1999; Friedman et al.
2004). In general, there are no obvious clinical signs of
C. jejuni colonization in chickens, and production traits are
usually not affected (Dhillon et al. 2006). Significant
reduction of C. jejuni in chicken gut will greatly decrease the
contamination of poultry meat and consequently improve
the overall safety of the food supply by reducing the number
of food poisoning cases.

Host genetics plays an indispensable role in response to
C. jejuni colonization of chickens. Distinct susceptibility
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responses of different lines of chickens to C. jejuni colonization
have been reported (Stern et al. 1990; Boyd et al. 2005; Li
et al. 2008b). We have demonstrated significant differences
in C. jejuni colonization between two genetic lines of
chickens (A and B) on day 7 post-inoculation (pi), with line
A being more resistant to C. jejuni colonization than line B
(Li et al. 2008b). The molecular mechanisms of suscepti-
bility to C. jejuni inoculation between these two genetic lines
have been elucidated through gene expression profiling of
cecae (Li et al., 2010).

Interestingly, we have also found a differential suscepti-
bility pattern of birds within each line (Li et al. 2008b). We
hypothesize that these differences in susceptibility patterns
within lines are because of distinct gene expression responses
of the birds at the local caecal level. Therefore, the objective of
this study was to profile the host genes expressed by the col-
onized and non-colonized birds within each line by measur-
ing mRNA levels using a chicken 44K Agilent microarray.

Materials and methods

Bacterial challenge and sample collection

Two broiler lines, A and B, were obtained from a commercial
breeding company. The bacterial inoculation, sample collec-
tion and bacterial enumeration were performed as described
previously (Li et al. 2008Db). In brief, C. jejuni strain 5088 was
enriched in Bolton broth (Oxoid) at 42 °C for 40 h. In each
line, 80 one-day-old chickens were orally inoculated with
0.5 ml of inoculants with a dose of 1.8 x 10° colony forming
units (cfu) per chicken. On day 7 pi, caecal contents were
collected for colonization quantification, and ceca (including
part of the caecal tonsil) were aseptically removed and im-
mersed into 10 volumes of RNAlater (Ambion) for the isola-
tion of total RNA. All animal experiments were conducted
according to the guidelines of the Institutional Animal Care
and Use Committee (IACUC) at Texas A&M University and the
United States Department of Agriculture.

Experimental design and microarray hybridization

Based on the number of bacteria in caecal contents on day
7 pi, 22 of 80 (27.5%) chickens were colonized by C. jejuni
in line A, and 56 of 80 (70%) were colonized in line B.
Twenty caecal samples from each of the caecal colonized
and non-colonized birds from each line (thus a total of 40
birds from each line) were used for RNA isolation.

For total RNA isolation, a 15- to 20-mg section of caecum
was removed from the RNAlater-stabilized sample, cut into
pieces and placed in a 2-ml centrifuge tube containing
600 pl Qiagen RNeasy Mini Kit lysis buffer (Qiagen). The
PRO200 homogenizer (PRO Scientific) was wused to
homogenize the lysate. Total RNA was isolated from each
homogenized sample and treated with a TURBO DNAfree™
Kit (Ambion) according to the manufacturer’s protocol.

Four biological pools (five individuals per pool with equal
amounts of total RNA) from each group were made, with
individuals selected at random. Eight pair comparisons
between colonized (C) and non-colonized (N) groups within
each line were used to conduct the microarray experiment
with dye swap, in which each sample was labelled with Cy5
and Cy3, respectively. The details of labelling, hybridization
and washing procedures have been described previously
(Li et al. 2008a). Briefly, 400 ng of total RNA from each
pooled sample was labelled with either Cy3 or Cy5 and
hybridized with another pooled sample labelled with the
other dye. The post-hybridization washing was performed
according to the manufacturer’s recommendation (Agilent).
Slides were scanned using a GenePix Personal 4100A
scanner at 5-pm resolution (Molecular Devices).

Microarray data analysis

The signal intensity of each probe was filtered by negative
controls in the array and signal-to-noise ratio (SNR) before
normalization. Data normalization was performed using
locally weighted regression or smoothing scatter plots
(LOWESS) (Cleveland 1974; Yang et al. 2002) by R 2.8.1
(http://www.r-project.org). The normalized natural log
intensities were analysed using a mixed model by sas (SAS),
with fixed effects of group (C or N), line (A or B), interaction
of line x group, and dye (Cy5 or Cy3), and with random
effects of slide and array. The comparison of AC/AN (i.e. line
A colonized chickens/line A non-colonized chickens) and
BC/BN (line B colonized chickens/line B non-colonized
chickens) was performed. A P value <0.01 was considered
as significant in the present study. Minimum information
about a microarray experiment (MIAME) for this experi-
ment has been deposited in NCBI's Gene Expression Omni-
bus (GEO) (Barrett et al. 2007). The accession numbers are:
platform: GPL6413; series: GSE10257.

Those differentially expressed genes within each line were
submitted to the Database for Annotation, Visualization and
Integrated Discovery (DAVID) 2008 (Dennis et al. 2003;
Huang et al. 2008) for Gene Ontology (GO) biological pro-
cess (BP) functional annotation analysis. In brief, lists of
those differentially expressed genes in each comparison
were uploaded to the DAVID database as a gene list, and
Gallus gallus whole genome was used as the background.
The default setting was used.

Quantitative real-time PCR

Quantitative real-time PCR (qRT-PCR) was performed to
validate microarray results with primers (Table 1) as
described previously (Li et al. 2008a). In brief, 1 ug of total
RNA was reversely transcribed into cDNA using random
hexamers and Thermoscript™ RT-PCR system (Invitrogen).
The amplification was performed as 1 cycle of 95 °C for
10 min and 40 cycles of 59 °C for 15 s and 59 °C for
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Table 1 Primer sets for qRT-PCR.

Gene Accession No. Primer sequence (5'-3")
CD5 Y1201 Forward ACAGGAGGCTGATGAAGAGG
Reverse TGAGCGTAATCGTTGTCTCC
Mx1 723168 Forward GCAGAAGGCATCAGCAAAG
Reverse GCTCAGGCGTTTACTTGCTC
TNFR8 AJ276964 Forward ACTGAAGTGACGCAGAGCAA
Reverse GCATTGACAGCTCCTCTTCC
VAV3 AY046915 Forward ATCAACATTCCTGACTTGGT
Reverse GATATGGCTGTTTCCACTTG
TBC1D23 AJ851485 Forward CCGCCGAGCAGCTGGGAAAA
Reverse AGGATGCGAGGCTGTCCCCC
RABGAP1 CR407064 Forward CCGTGTACAGCTGCCCAAGAGG
Reverse TCCTGCTGAGCTTGCTGCTCT
ARFGAP1 CR407511 Forward TGCCAGGGAAGAGTGGGGTGG
Reverse TGGCAAGCAGCACTCAGCGT
B-actin L08165 Forward ACGTCTCACTGGATTTCGAGCAGG
Reverse TGCATCCTGTCAGCAATGCCAG
1 min, using SYBR Green Master Mix and an ABI Prism (a)
7900HT system (Applied Biosystems). The chicken f-actin 77
gene was used as the internal standard to correct the input of 6
cDNA. Triplicate qRT-PCRs were performed for each cDNA, S 54
and the average Ct was used for further analysis. The relative j:’ 44 -
fold change between two groups within lines was calculated § 34
using the 27 2% method (Livak & Schmittgen 2001). & o 3
c
.(%D 14
Results 0
AR LA ML) R LA AL
_ N -2 -1 0 1 2
Global assessment of transcriptome profiling Fold change of AC vs.AN
Signal intensity of each probe was filtered against negative
controls in the microarray and then normalized. In total, (b) 10 -

27 955 probes were detected as expressed (SNR >3) and
were used for the following analysis. Gene expression
differences between colonized and non-colonized chickens
within a given line [i.e. line A = A colonized (AC) and
A non-colonized (AN); line B = B colonized (BC) and B
non-colonized (BN)] were analysed.

Gene expression differences within line A

In the comparison of AC/AN, 564 genes were found to be
differentially expressed, with a false discovery rate (FDR) of
0.605 (Fig. 1a). Of these 564 genes, 277 had a higher
expression in AC than AN, with 32 of these genes having a
fold change of >2.00.

Gene expression differences within line B

The comparison of BC/BN showed 6105 genes differentially
expressed with a FDR of 0.025. Of the 6105 differentially

Significance (nlp)

-3 -2 -1 0 1 2 3
Fold change of BC vs. BN

Figure 1 Volcano plots of differentially expressed genes between
colonized and non-colonized chickens in line (a and b). nlp represents
negative log10 of P value. Fold change was log2 transformed. Positive
values mean that gene expression was higher in colonized (c) chickens
than in non-colonized (N) chickens. a: AC/AN. b: BC/BN.

expressed genes, 2248 had a higher expression in BC than
in BN (Fig. 1b), with 324 of the genes having a greater than
2.00-fold change. More than 3000 genes had a lower
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expression in BC than in BN, with 597 genes having a fold
change of >2.00.

In the comparison of differentially expressed genes be-
tween AC/AN and BC/BN, 128 genes were shared between
these two comparisons, 16 of which were in the same
direction of the regulation (seven had higher expression in
group C than group N, and nine had lower expression in
group C than group N in both lines A and B) (Table S1).
There were 436 and 5977 differentially expressed genes
that were only observed in the comparison of AC/AN and
BC/BN, respectively. These were referred to as line-specific
genes (i.e. line A specific and line B specific) (Fig. 2).

Functional annotation analysis

Functional GO BP annotation was analysed based on the
differentially expressed genes between two groups within a
given line (i.e. AC/AN, BC/BN).

Within line A

In the comparison of AC/AN, only small GTPase-mediated
signal transduction was significantly enriched, with a fold
enrichment of 3.58. Decreases in gene expression from this
signal transduction could promote resistance to C. jejuni
colonization. No GO BP terms were enriched in the genes
which had lower expression in AC than in AN.

Within line B

For the comparison of BC/BN, 54 enriched GO BP terms
were identified. Thirty were from genes which had higher
expression in BC than in BN, 30 were related to genes which
had lower expression in BC than in BN, and six of those
terms were shared (Table 2) between BC and BN. For genes
which had higher expression in BC than in BN, the enriched
functional terms could be roughly grouped into five clusters:
(i) metabolic processes including carboxylic acid metabolic
processes, fatty acid metabolic processes, monocarboxylic
acid metabolic processes, nitrogen compound metabolic
processes and organic acid metabolic processes; (ii) immune

AC/AN BC/BN

Figure 2 Overlapping differentially expressed genes between AC/AN
and BC/BN.

Table 2 Fold enrichment of GO BP terms for differentially expressed
genes in the comparison of BC/BN.

Term hBC/BN IBC/BN

Apoptosis 1.95

ATP biosynthetic process 3.26

ATP metabolic process 3.02

Carboxylic acid metabolic process 2.24

Cell projection organization 2.44
and biogenesis

Cellular component organization 1.43 1.50
and biogenesis

Cellular localization 1.64 1.52

Cellular morphogenesis 2.81
during differentiation

Coenzyme biosynthetic process 2.33

Coenzyme metabolic process 2.30

Cofactor metabolic process 2.05

Electron transport 1.66

Enzyme linked receptor protein 2.27
signalling pathway

Establishment of protein localization 1.69

Fatty acid metabolic process 3.27

Generation of precursor 1.74
metabolites and energy

Intracellular protein transport 2.13

Mitotic cell cycle 3.42

Monocarboxylic acid metabolic process 2.80

Neurite morphogenesis 3.13

Nitrogen compound metabolic process 2.14

Nucleobase, nucleoside, nucleotide and 1.30 1.24
nucleic acid metabolic process

Organelle organization and biogenesis 1.47

Organic acid metabolic process 2.24

Oxidative phosphorylation 2.38

Positive regulation of 2.12
cellular metabolic process

Positive regulation of 4.36
developmental process

Positive regulation of transcription 2.44

Protein localization 1.68

Protein metabolic process 1.23 1.15

Protein modification process 1.31 1.26

Protein transport 1.75

Protein-chromophore linkage 5.08

Purine nucleotide biosynthetic process 2.18

Ras protein signal transduction 2.08

Regulation of catalytic activity 2.28

Regulation of cell differentiation 2.45

Regulation of GTPase activity 2.98

Regulation of hydrolase activity 2.64

Regulation of nucleobase, nucleoside, 1.25

nucleotide and nucleic
acid metabolic process

Regulation of Ras protein 2.13
signal transduction
Regulation of small GTPase-mediated 2.06

signal transduction
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Table 2 (Continued).

Term hBC/BN IBC/BN
Response to DNA damage stimulus 2.54

Response to endogenous stimulus 2.45

Response to radiation 3.81

Response to stress 1.93

Rhythmic process 4.48
Ribonucleoprotein complex 2.69

biogenesis and assembly

RNA biosynthetic process 1.31
RNA metabolic process 1.31 1.22
tRNA metabolic process 2.88

Ubiquitin cycle 2.1
Vasculature development 2.58
Vesicle-mediated transport 2.09

Note: hBC/BN represents genes had higher expression in BC than in BN.
IBC/BN represents genes had lower expression in BC than in BN.

response including apoptosis, response to DNA damage
stimulus, response to endogenous stimulus, response to
radiation and response to stress; (iii) transport (electron
signal
small

transport and vesicle-mediated transport); (iv)
transduction (Ras protein signal transduction,
GTPase-mediated signal transduction); and (v) rhythmic
process. For genes which had lower expression in BC than in
BN, the enriched terms could be clustered into three groups:
(i) metabolic processes including ATP biosynthetic pro-
cesses, ATP metabolic processes, coenzyme metabolic pro-
cesses, cofactor metabolic processes, positive regulation of
cellular metabolic processes, purine nucleotide biosynthetic
processes, and RNA metabolic processes; (ii) development
and morphogenesis including cellular morphogenesis dur-
ing differentiation, meurite morphogenesis, regulation of
cell differentiation, and vasculature development; and (iii)
macromolecular localization and transport (establishment
of protein localization, intracellular protein transport, and
protein localization).

Immune-related genes

There are 426 immune-related genes with 542 probes in
the current microarray. There were 17 immune-related
genes significantly and differentially expressed in the com-
parison of AC/AN with a fold difference >1.2 (Table 3) and
60 immune-related genes in BC/BN (Table 4) (P < 0.01)
with a fold difference >1.2. To classify immune-related
genes, all 17 genes in line A and 60 in line B that were
differentially expressed immune-related genes within each
line were uploaded to the DAVID program to run functional
classification analysis.

Within line A, 4 of 17 immune-related genes had higher
expression in AC than in AN, including caspase 1 (CASP1),
prostaglandin-endoperoxide synthase 2 (PTGS2), serine/threo-
nine-protein kinase Chk2, and Granzyme-like molecule (GZMA).

Table 3 Fold difference of immune-related genes in the comparison of
AC/AN

Accession Gene description
IAC/AN
BU125345 Complement 8A 2.4
AJ276964 Tumour necrosis factor 2.0
receptor superfamily, member 8
CR523798 T-cell receptor beta 1.9
chain V2,D,J,C regions
AJ720954 Complement component 1.9
receptor 2 (CR2)
u04611 T-cell receptor alpha 1.8
Y12011 CD5 1.6
CR352482 Tumour necrosis factor 1.4
receptor superfamily,
member 11b
AF320331 Interferon regulatory factor 4 1.4
AJ719814 CD79b molecule 1.4
Y12012 CD4 1.4
CR733120 CD83 1.3
BX935885 Small inducible cytokine 1.3
A13 precursor
AJ450706 MAPK/ERK kinase kinase-1 1.3
hAC/AN
BX935020 Caspase 1(CASP1) 1.2
M64990 Prostaglandin-endoperoxide 1.3
synthase 2 (PTGS2)
EF118300 Serine/threonine-protein 1.8
kinase Chk2
AJ544060 Granzyme-like 1.8

molecule (GZMA)

Note: hAC/AN represents genes with higher expression in AC than in
AN.
IAC/AN represents genes with lower expression in AC than in AN.

The other 14 immune-related genes had lower expression in
AC than in AN, with the highest fold change of 2.4 in the
complement 8A gene (BU125345) (Table 3). Functional
analysis results (Table S2) showed that these immune-
related genes were enriched in two GO terms, these being
receptor activity (CD79B, tumour necrosis factor receptor
superfamily, member 8 (TNFRSF8), TNFRSF11B, and CD5)
and cell differentiation (interferon regulatory factor (IRF4),
PTGS2, and CASP1).

Within line B, more differentially expressed immune-
related genes were observed compared to line A. In total, 60
differentially expressed immune-related genes were
detected, and 34 had higher expression in BC than in BN,
with the highest fold difference of 2.7 being in TNFRS19. Of
26 immune-related genes which had lower expression in BC
than in BN, the highest fold change of 3.2 was found in
interleukin 9 (IL-9) (Table 4). Functional analysis (Table S3)
demonstrated that these immune-related genes were
enriched in the following GO terms, including cell commu-
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Table 4 Fold change of immune-related genes in the comparison of

BC/BN
Accession Gene description
IBC/BN
BX931122 Interleukin 9 (IL9) 3.2
BX931297 Cytokine like protein 17 3.1
723168 MX1 25
AJ450829 Chemokine receptor(CRL1T) 2.4
AY831397 IFN-beta 2.0
AB032767 CcD9 1.8
AB076264 CDw137 1.5
BU142537 AP-1; JUN; jun oncogene; 15
transcription factor AP-1
AF139097 Interleukin 15 (IL15) 1.5
CR388992 Carboxypeptidase E 1.5
M64990 Prostaglandin-endoperoxide 1.5
synthase 2 (PTGS2)
X75915 Bone morphogenetic 15
protein 4 (BMP4)
AJ720845 RAS guanyl releasing protein 1.4
3 (calcium and DAG-regulated)
NM_001031045 TGF beta 2 1.4
AJ719686 Insulin-like growth factor 2 1.4
mRNA binding protein
3 (IGF2BP3)
CO759833 CD48 1.4
X07202 ETS2 1.3
AJ720932 Death-associated protein 1.3
AJ719298 GTP-binding nuclear protein ran 1.3
D14313 Transcription factor 8 1.3
AF296874 TNF receptor superfamily, 1.3
member 6
D13225 c-kit 1.3
DQ010055 Initiatorcaspase 1.2
BX935400 CKLF-like MARVEL 1.2
transmembrane
domain containing 8
AJ720321 Mitogen-activated protein 1.2
kinase kinase kinase
7 interacting
protein 1 (MAP3K7IP1),
CR406144 INK-MAPK9; c-Jun 1.2
N-terminal kinase
hBC/BN
AJ720236 NCK adaptor protein 2 1.2
AJ721122 Mitogen-activated proteinkinase 1.2
kinase 5 (MAP2K5)
CR387429 B-BTN1b 1.2
AJ719869 CD 47 1.2
AJ720408 Interleukin-1 receptor-associated 1.2
kinase4 (IRAK4)

AJ719947 CD82 1.2
U35037 Insulin-like growth factor 2 1.2
receptor (IGF2R)

D13719 NFkB-1; Nuclear factor 1.3

NF-kBp50/p105

Table 4 (Continued).

Accession Gene description
AJ720057 Cytokine receptor-like factor 3 1.3
AJ720431 Signal transducer and activator of 1.3
transcription 1 (STAT1)
AJ720175 CCR4-NOT transcription 1.3
complex, subunit 8
X56559 Integrin, alpha 6 1.3
BX930367 PREDICTED: bactericidal/ 1.4
permeability-increasing
protein (BPI)
BX932911 Invariant chain 1.4
ENSGALT E-selectin precursor 1.4
00000012062
AJ851819 Signal transducer and 1.4
activator of
transcription 3 (STAT3)
AF082664 INF-a/b-R1; IFNAR1; 1.4
interferon receptor 1
BG625680 Putative E-selectin 1.4
AJ450706 MAPK/ERK kinase kinase-1 1.4
L39767 Interferon regulatory 1.4
factor 8 (IRF8)
L12032 Dorsalin-1 precursor 1.4
LO8168 P38; Proto-oncogene C-crk 38 1.4
AJ719881 PABPC1 poly(A) binding 1.4
protein, cytoplasmic 1
BU375600 Single immunoglobulin and 1.5
toll-interleukin 1 receptor
domain
AB108485 Receptor (TNFRSF)-interacting 1.5
serine-threonine kinase 1
BU356288 Rfp-y(class 1 alpha chain) 1.6
L20625 MCFS-1 receptor 1.7
AY046915 VAV3 1.7
AJ851742 TNFAIP3 interacting protein 2 1.7
AF306851 Immunoglobulin-like receptor A1 2.0
AJ719290 Serine/threonine kinase 17a 2.1
AF498236 SOCSs2 2.1
BU344261 TBK1 23
BX931334 Tumour necrosis factor receptor 2.7

superfamily, member 19

Note: hBC/BN represents genes had higher expression in BC than in BN.
IBC/BN represents genes had lower expression in BC than in BN.

nity (VAV3, NFKB1, TGFB2, BMP4, SOCS2 and ITGA®6),
binding (Mx1, NFKB1, IGF2BP3, ITGA6, IRF8, VAV3 and
TGFB2), cytokine activity (BMP4 and IFNB), response to
stimulus (IRF8, TGFB2 and IFNB) and leucocyte migration
(TGFB2 and ITGA®6).

Validation of gene expression from microarray
analysis by quantitative real-time PCR

gqRT-PCR was performed to validate the microarray data.
An aliquot of RNA from the same sample used for the
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Table 5 Comparison of gene expression levels (fold changes) between microarray and qRT-PCR.

Comparison Method Mx1 VAV3 CD5 TNFRS8 TBC1D23 RABGAP1 ARFGAP1
AN/AC gqRT-PCR 1.49 2.65%
Microarray 1.61% 1.99%
BN/BC gRT-PCR 1.71* —-1.35*% 1.11 1.50* 1.48*
Microarray 2.51* -1.73* 1.22% 1.32% 1.23%

*Represents genes that were significantly differentially expressed in the comparison (P < 0.05 in qRT-PCR result, P < 0.01 in microarray).

microarray analysis was used for qRT-PCR validation.
Three immune-related genes and four genes from small
GTPase-mediated signal transduction (functional analysis
indicated that this pathway was associated with C. jejuni
colonization in the current study) were selected for the
validation. All genes tested were consistent between
microarray and qRT-PCR results in terms of regulation
direction (upregulation or downregulation) (Table 5). Two
genes, CD5 and TBC1D23, were not differentially expressed
in the qRT-PCR results.

Discussion

Functions associated with colonized and non-colonized
chickens

In general, there are noteworthy differences in the mecha-
nisms of host resistant to C. jejuni colonization between line
A and line B. Our expression profile and GO enrichment
analysis strongly support this conclusion. There were 10
times the number of genes differentially expressed in line B
than line A (6,105 in BC/BN vs. 564 in AC/AN, Fig. 1).
Further GO enrichment analysis supported the hypothesis
that many enriched biological processes may contribute to
the differences between colonized and non-colonized chick-
ens in line B but not in line A.

Of particular interest, small GTPase-mediated signal
transduction was enriched in both line A and line B, with
higher expression in colonized birds than in non-colonized
birds. This functional term primarily includes VAV 3, TBC1
domain-containing kinase (TBCK), TBC1 domain family member
23 (TBC1D23), Rab GTPase-activating protein 1 (RABGAP1),
Ras guanine nucleotide exchange factors (GEF) domain family,
member 1C (RASGEF1C), Rho guanine nucleotide exchange
factor 4 isoform A (ARHGEF4), ADP-ribosylation faction
GTPase-activating protein (GAP) 1 (ARFGAP1), and Ral GEFs
with PH domain and SH3-binding motif 2 (RALGPS2). Ras-like
small G proteins have a ubiquitous role in cell biology; thus,
they are common targets for virulence factors that are se-
creted by bacterial pathogens (Boquet 2000). Small G pro-
teins regulate a myriad of cellular processes, including
growth, differentiation, membrane trafficking, cytoskeletal
organization and nuclear import. Many bacterial virulence
factors can act on small Rho family GTPases, including GEFs
and GAPs, which induce localized signalling to actin rear-
rangement at the sites of bacterial invasion (Cossart &

Sansonetti 2004; Rottner et al. 2004). Actin cytoskeleton is
crucial in the regulation of host—-pathogen interactions
(Rottner et al. 2004). In addition, Krause-Gruszczynska
et al. (2007) have suggested that activation of small Rho
family GTPases is essential in the signalling pathways
involved in the C. jejuni invasion process in vitro. Further-
more, it has been reported that small GTPases are involved
in TLR signalling pathways and are activated rapidly in
chicken heterophils following Salmonella lipopolysaccharide
(LPS) stimulation (Kogut et al. 2007). Therefore, in colo-
nized (C) chickens, following C. jejuni inoculation, higher
expressed Rho GEF 4A could activate the GDP-GTP
exchange and then stimulate Rho, Rac family protein and
actin cytoskeleton, which are necessary for bacterial inva-
sion. This could finally activate small GTPase signal path-
ways, which promote bacterial colonization. In contrast, in
non-colonized birds, without the activation of small GTPase
family gene expression, birds will be more resistant to
C. jejuni colonization. The work presented herein provides
the first line of evidence in vivo that small GTPase signal
pathways are associated with C. jejuni colonization in
chickens. The validation of three genes (Vav3, TBCI1B23
and RABGAP1) in this signal pathway by qRT-PCR further
confirms the evidence of the importance of GTPase-mediated
signal transduction in C. jejuni colonization. It will be highly
interesting to investigate the precise mechanisms of how the
small GTPase family regulates genetic resistance to C. jejuni
colonization in the chicken.

Broad enriched functional terms have been observed
with respect to bacterial colonization in the chicken: car-
boxylic acid metabolic process, ubiquitin cycle, signal
transduction and immune-related function such as apop-
tosis, response to DNA damage stimulus, endogenous
stimulus, radiation and stress. In the current study, car-
boxylic acid metabolic process was significantly enriched,
with genes more highly expressed in colonized birds than
in non-colonized birds. Because of a lack of the glycolytic
enzyme phosphofructokinase in C. jejuni, carbohydrates
cannot be utilized as an energy source. Instead, C. jejuni
uses the intermediates as energy from the tricarboxylic
acid cycle (Dasti et al. 2010). Highly expressed genes from
carboxylic acid metabolic process are expected to generate
more intermediates of carboxylic acids in colonized birds,
which might explain why colonized birds have more
metabolites that are utilized for bacterial colonization than
do non-colonized birds.
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The mitotic cell cycle, regulation of cellular differentiation
and ubiquitin cycle functional terms were enriched in line
B. The findings herein demonstrate that cell cycle may
contribute to the differences between colonized and non-
colonized chickens in line B following C. jejuni inoculation.
Ubiquitin-mediated proteolysis is one of the key mechanisms
underlying cell cycle control (Nakayama & Nakayama
2006). In mammals, the cell cycle has been reported to be
involved in many processes that affect the growth and
colonization of pathogenic bacteria, including immune
responses, maintenance of epithelial barrier functions, and
cellular differentiation (Oswald et al. 2005). In non-colo-
nized birds, highly expressed genes in ubiquitin and cell
cycle may enhance immune response and improve epithelial
barrier integrity, subsequently preventing bacterial coloni-
zation, while in colonized birds, repressing the cell cycle
through ubiquitin cycle reduces the differentiation of Th
cells and inhibits the host response to C. jejuni inoculation,
therefore promoting bacterial colonization.

Immune-related genes involved in the response to
C. jejuni colonization

Protein kinases and phosphatases play important roles in
regulating protein phosphorylation and influencing the
response of host cells to external pathogenic bacteria. It has
been reported that C. jejuni invades human epithelial cells
and triggers signal transduction cascades, resulting in
bacterial internalization and pathogenesis (Wooldridge et al.
1996; Watson & Galan 2005). The mitogen-activated pro-
tein kinase (MAPK) cascades play important roles in linking
a variety of extracellular signals to cellular events such as
growth, differentiation, apoptosis and inflammatory re-
sponse (Widmann et al. 1999). There are three major
MAPK pathways: the mitogen-induced extracellular signal-
regulated kinase (ERK) MAPKs were linked to cell prolifer-
ation and survival, whereas the stress-activated MAPKSs,
p38 and c-Jun N-terminal kinase (JNK), were associated
with apoptosis (Boldt et al. 2002; Junttila et al. 2008; Zhang
& Dong 2007). In addition, the ERK and p38 MAPKs are
involved in C. jejuni invasion in intestinal epithelial cells
(Watson & Galan 2005; Hu et al. 2006). Inhibition of ERK
MAPK phosphorylation and p38 MAPK results in significant
reduction of C. jejuni (Hu et al. 2006). p38 MAPK expres-
sion is increased in human Caco-2 cells after C. jejuni
infection (MacCallum et al. 2005). Based on the KEGG
MAPK signalling pathway, there were nine genes signifi-
cantly regulated in BN/BC that participate in either the
classical MAPK pathway, JNK and p38 MAPK pathway, or
ERK pathway at different levels of regulation. In the clas-
sical MAPK pathway, the current study showed that higher
expression of RAS guanyl releasing protein 3 (RasGRP) was
associated with non-colonization, while elevated NFkB-1
expression resulted in increased colonization. In the JNK
and p38 MAPK pathways, both TGFB2 and TNF receptor

superfamily (TNFRSF), member 6 (FAS) are genes encoding
receptors that interact with pathogen stimuli. MAP3K7IP1
(TAB 1), JNK-MAPK9 (JNK), MAPK/ERK kinase kinase 1
(MEKK1) and proto-oncogene C-crk 38 (Crkll) are inter-
mediate regulators in the signal pathway. Our study indi-
cated that higher expression of both receptor genes and TAB
1 and JNK are associated with non-colonization in birds,
while higher expression of MEKK1 and CrkII results in in-
creased C. jejuni colonization. Although the exact mecha-
nism of regulation is not fully understood, it seems that
these two groups of genes are regulated in opposite direc-
tions. We speculate that the up-regulated expression of TAB
1 and JNK might induce T-cell activation and T-helper cell
differentiation, therefore enhancing immune response and
preventing C. jejuni persistence in cecae, while increased
expression of MEKK1 and CrkII inhibits lymph cell activa-
tion and differentiation. Only one gene in the ERK5 path-
way, MAP2KS5, was differentially upregulated in colonized
birds compared to non-colonized birds. Collectively, the
results of the current study revealed that the JNK and p38
MAPK pathways might play an essential role in the
regulation of C. jejuni colonization in chickens. As MAPK
pathways involve complicated regulations by multiple
mechanisms, microarray analysis from the current study
would not be able to delineate these mechanisms. However,
these regulated genes identified in the MAPK pathway have
provided great targets for further investigation towards
understanding how JNK and p38 MAPK pathways regulate
C. jejuni colonization in birds.

The TNFRSF gene group plays an essential role in the
development and regulation of the immune system (Silke &
Brink 2010), and many members have key functions in the
host response to bacterial infection (Aggarwal 2003). The
TNF family ligands can bind to death domain-containing
TNF receptors that can subsequently activate intracellular
signalling pathways to promote apoptotic cell death
(Bridgham & Johnson 2003). Several TNFRSF members,
including TNFRSF1B, 5, and 9, have in a comprehensive
microarray analysis been associated with host response to a
variety of pathogens (Jenner & Young 2005). TNF-o is
significantly upregulated following C. jejuni infection in
human colonic epithelial cells (Zheng et al. 2008) and THP-
1 cells (Tabbara et al. 2010). Interestingly, in the present
study, no significant gene expression change of TNF was
identified following C. jejuni inoculation. However, four
TNERSF (6, 8, 11b and 19) genes were differentially regu-
lated between colonized and non-colonized chickens within
line A or line B or both. All TNFRSF genes had lower gene
expression in colonized chickens than in non-colonized
chickens except TNFRSF19. TNFRSFS8 had lower expression
in AC than in AN. TNFRSF8, also known as CD30, leads to
enhanced cell proliferation, cell growth arrest or apoptosis
(Lee etal. 1996). Two additional TNFRSF members
(TNFRSF11b, also known as OPG, and TNFRSF6, also
known as FAS) also showed lower expression in colonized
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than in non-colonized chickens in both lines A and B. This
might be because lower expression of TNFRSFs could inhibit
cell proliferation and apoptosis and limited immune re-
sponse, resulting in more bacterial colonization in the gut.
However, TNFRSF19 had the opposite direction of expres-
sion (higher expression in BC than BN) compared with the
three other TNFRSF genes. TNFRSF19 is associated with
embryo development (Pispa et al. 2003), and the function in
regulating immune response still remains to be elucidated.
Our study clearly shows that TNFRSF genes play a signifi-
cant role in C. jejuni colonization in the chicken.

The results presented in this study represent local caecal
transcriptomal differences between colonized and non-col-
onized chickens within each of two genetic broiler lines
(A and B) following C. jejuni inoculation. The data indicate
that inhibition of small GTPase-mediated signal transduc-
tion could enhance resistance to C. jejuni colonization, and
that TNFRSF genes play important roles in determining
C. jejuni non-colonization in broilers. There was a difference
in the mechanisms of host resistance to C. jejuni coloniza-
tion between line A and line B. Our study supports the
hypothesis that the MAPK pathway is important in host
response to C. jejuni colonization in line B, but not in line A.
While this is an important step forward in our under-
standing of host response to C. jejuni colonization in chick-
ens, it will be important to follow up these analyses with
further studies to investigate innate immune response to
C. jejuni colonization. This will add valuable information
towards our understanding of the mechanisms underlying
C. jejuni colonization in chickens.
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